Abstract: The development and mechanistic investigation of a highly stereoselective methodology for preparing a-linkedurea neo-glycoconjugates and pseudo-oligosaccharides is described. This two-step procedure begins with the selective nickel-catalyzed conversion of glycosyl trichloroacetimidates to the corresponding a-trichloroacetamides. The a-selective nature of the conversion is controlled with a cationic nickel-(II) catalyst, [Ni(dppe)(OTf) 2 ] (dppe = 1,2-bis(diphenylphosphino)ethane, OTf = triflate). Mechanistic studies have identified the coordination of the nickel catalyst with the equatorial C 2 -ether functionality of the a-glycosyl trichloroacetimidate to be paramount for achieving an a-stereoselective transformation. A cross-over experiment has indicated that the reaction does not proceed in an exclusively intramolecular fashion. The second step in this sequence is the direct conversion of a-glycosyl trichloroacetamide products into the corresponding a-urea glycosides by reacting them with a wide variety of amine nucleophiles in presence of cesium carbonate. Only a-urea-product formation is observed, as the reaction proceeds with complete retention of stereochemical integrity at the anomeric CÀN bond.
Introduction
As understanding continues to expand exponentially surrounding the indispensable role of carbohydrates in the living world, the development of synthetic methods to efficiently accomplish these ubiquitous structures becomes increasingly relevant. Advancing these technologies will not only facilitate biological studies, but will also provide access to modified structures that have both interesting and unique properties of their own. For carbohydrates, chemical and enzymatic degradation at the glycosidic linkage has been identified as a weak point in the structural robustness of glycosylated compounds. As a result, having access to modified carbohydrate structures with enhanced resistance to enzymatic and chemical hydrolysis is highly desirable. The glycosyl urea, for example, has gained considerable attention in the development of neo-glycoconjugates, [1] pseudo-oligosacharides, [2] and N-linked glycopeptide mimetics, [3] to replace native O-and N-glycosidic linkages. These efforts aim to improve stability under physiological conditions while maintaining properties of the natural targets, and would have direct application in the design and development of anti-diabetic agents [4] and aminoglycoside antibiotics. [5] In nature, the glycosyl urea is found as an integral part of both cinodine [6] and coumamidine [7] antibiotics. These compounds are of interest because they exhibit broad-spectrum activity against Gram-negative cell lines and have unusual structural features, including an a-urea-linkage at the anomeric center and a unique mode of action. These polycationic compounds do not inhibit bacterial protein synthesis, as do the aminoglycosides, but rather bind directly to bacterial DNA [8] and its organizational enzyme, DNA gyrase B. [9] [10] [11] The partial and/or total syntheses of cinodine and coumamidine antibiotics have never been reported, potentially due to lack of technology for the general and efficient preparation of the a-urea glycosidic linkage. [11] The stereoselective synthesis of glycosyl urea is by no means trivial. [13] Approaches can often be complicated with numerous steps and be forced to rely on neighboring group participation to facilitate a selective transformation. [13, 14] In addition, there is a propensity for many donor types to undergo anomerization, which removes them from consideration in many stereoselective urea syntheses. [15] Although there are a handful of methods available for attaining the b-urea glycoside, [16] a general and selective preparation of a-urea glycoside is still lacking. [12, 17] In Ichikawa's approach, a-glycosyl isocyanate 2 (Scheme 1a) is generated in situ from glycosyl azide 1 and subsequently trapped with amine to provide a-glycosyl urea 3. [1, 3, 17] Although this approach is able to retain a-stereo-chemical integrity at the anomeric CÀN bond during the ureaforming step, moderate selectivity in starting material 2 (4:1 a/ b-mixture) and additional step requirements to achieve it from a-glycosyl azide limit synthetic utility. Bernardi has reported a new method for the synthesis of a-glycosyl urea 6 using a modified Staudinger reduction (Scheme 1b). Bernardi's approach reduces the step requirement by directly converting aazide 4 into a-iminophosphorane 5, then transforming it to urea 6 by reacting with isocyanate. [12] Although Bernardi's approach achieves the a-urea 6 (Scheme 1b) in a single-pot, the limited reactivity of the iminophosphorane intermediate places restrictions on scope in the conversion. A third methodology for forming a-glycosyl ureas has been developed in our lab employing a palladium-catalyzed stereoselective rearrangement of glycal trichloroacetimidate 7 to the 2,3-unsaturated trichloroacetamide product 8 (Scheme 1c). [18] After functionalizing glycal 8 to pyranoside with catalytic OsO 4 , the resulting trichloroacetamide is converted to a-glycosyl urea 9 with amine nucleophile in the presence of Cs 2 CO 3 . While this process is highly a-selective, the substrate scope is limited due to the 1,2-syn-diol-forming nature of the dihydroxylation reaction used to functionalize the 2,3-unsaturated glycal 8.
We report herein a new and efficient procedure for constructing a-urea glycoside, which has the potential to overcome the current limitations for the synthesis of this motif and can be applicable to a variety of carbohydrate substrates (Scheme 1d). [19] Based on our recent efforts using transitionmetal catalysis in glycosylation reactions, [20] we envisioned that in the absence of an external nucleophile, a transition-metal catalyst would be able to promote the ionization and subsequent rearrangement of a-glycosyl trichloroacetimidate 10 to the corresponding a-trichloroacetamide 11 (Scheme 1d). [19] The trichloroacetamide intermediates 11 can be directly converted to the corresponding a-glycosyl urea products 12 by reaction with a wide range of amines. [18] This two-step method of attaining a-urea linkage retains stereochemical integrity at the anomeric center; is highly atom-economical, because chloroform is the only part of the original leaving group that is absent from the final urea structure; and is tolerant to a variety of substrate types and protecting groups. This report will focus on the scope of this selective conversion, as well as the mechanistic investigation of the stereoselective transition-metal-catalyzed process.
Results and Discussion

Conversion of glycosyl trichloroacetimidates
Building on our previous successes using cationic transition-metal catalysis for the activation of glycosyl trichloroacetimidate donors in highly selective glycosylation strategies, [20] we began our search for an appropriate catalyst to facilitate the transformation of a-glycosyl trichloroacetimidate 13 to glycosyl trichloroacetamide 14 with 5 mol % of the readily available [Pd(CH 3 CN) 4 (BF 4 ) 2 ] catalyst (Table 1 , entry 1). This system was found to be ill-suited for the conversion, showing no detectable product 14 after 5 h at room temperature. We continued our efforts by switching to a presumably more reactive [Pd(PhCN) 2 (OTf) 2 ] catalyst (entry 2), generated in situ from [Pd(PhCN) 2 Cl 2 ] and AgOTf, and discovered that with use of 5 mol % catalyst loading, the conversion proceeded smoothly to provide the desired trichloroacetamide 14 in 86 % yield as a 10:1 mixture of a-and b-anomers (entry 2) within 1 h. The progress of this rearrangement was monitored by FTIR spectroscopy, with completion of the reaction being noted after disappearance of the C=N stretching band of trichloroacetimidate 13 at 1670 cm À1 . [21] A reduction in catalyst loading to 2 mol % (entry 3) maintained the yield and a-selectivity in the conversion. Switching from a cationic palladium to a cationic nickel species (entry 4), [Ni(PhCN) 4 (OTf) 2 ], provided a similar yield and anomeric selectivity with a notable improvement in rate (less than 30 min).
We continued our optimization studies by varying the electronic properties of the ligands on the nickel catalyst (Table 1 , entries 5-7) to observe the effects on yield and selectivity. We found that an optimal balance occurred with the 1,2-bis(diphenylphosphino)ethane ligand ([Ni(dppe)(OTf) 2 ], entry 7), providing 14 in 85 % yield with a/b = 30:1. [22] We next probed the effect of varying the bite angle of the bisphosphine on the ligand-metal complex (entries 9-11). To this end, the reaction was investigated with 1,3-bis(diphenylphosphino)propane ligand ([Ni(dppp)(OTf) 2 ], entry 9) and 1,4-bis(diphenylphosphino)butane ligand ([Ni(dppb)(OTf) 2 ], entry 10), that have a larger bite angle than [Ni(dppe)(OTf) 2 ] (entry 7), both of which led to reduced yield (47-70 %) and a-selectivity (a/b = 8:1-9:1). [23, 24] We hypothesize that this is probably due to bite angle effects www.chemeurj.org that impart both steric and electronic influences on metal catalyst. [24] Further switching to the monodentate triphenylphosphine ligand ([Ni(PPh 3 ) 2 (OTf) 2 ], entry 11) provided diminished yield and a-selectivity (61 %, 12:1 a/b). To determine the necessity of the phosphine ligand, the conversion was carried out in absence of one (Ni(OTf) 2 , entry 12), which increased the rate and selectivity (19:1 a/b-ratio) of the reaction at the expense of yield (57 %). In addition, a significant amount of decomposition was observed with use of Ni(OTf) 2 , suggesting the importance of the dppe ligand to help modulate the nickel species and control the reaction. To evaluate if the catalytic activity observed in this series (Table 1) had arisen from the presence of residual AgOTf, a control experiment was conducted (entry 13) to determine if it would be able to facilitate a reaction on its own. The transformation required 14 h and diminished yield (72 %) and anomeric selectivity (a/b = 5:1) were observed. Use of neutral nickel(II) catalyst, [Ni(dppe)Cl 2 ] (entry 8), resulted in no reaction. To determine if Lewis acid behavior alone was responsible for reactivity with the nickel(II) species, a control experiment was conducted with BF 3 ·OEt 2 (entry 15), a commonly employed activating agent in glycosylation with glycosyl imidates.
[25] Trichloroacetamide 14 was obtained in 65 % yield with a/b = 4:1. Faster reaction time was accomplished with TMSOTf (entry 14, TMS = trimethylsilyl), [26] though yield (72 %) and selectivity (8:1 a/b) were not on par with the results obtained using the nickel(II) catalyst (85 %, 30:1 a/b, entry 7).
Next, we turned our attention to evaluating the effect of solvent in the transformation (Table 2) . Increasing the polarity of the solvent (CH 2 Cl 2 !THF, entry 1 to entry 2) decreased a-selectivity (a:b = 19:1) and yield (49 %). We also observed that the prolonged reaction time (1 h vs. 3 h, entries 1 and 2) led to substantial loss in the form of hydrolysis. Similar results were obtained using MTBE (entry 3), though the reaction took less time to reach completion. Use of less polar toluene as solvent (entry 4) provided excellent a-selectivity in the transformation (20:1 a/b), though the yield of 14 was reduced (75 % yield). Thus, 2 mol % of [Ni(dppe)(OTf) 2 ] in CH 2 Cl 2 was chosen as the optimal balance between yield, a-anomeric selectivity, and reaction rate.
With the reaction conditions identified, we set out to establish the substrate scope of the transformation (Table 3) . While the nickel catalyst was tolerant of the benzyl protecting group at C2 (Tables 1 and 2 ), we also found that incorporating allyl and silyl ethers at C2 of imidates 15 and 16 provided trichloroacetamides 20 and 21 (Table 3 , entries 1 and 2) in 90-91 % with high a-selectivity (a/b = 10:1-20:1). It is interesting to note that although the C2-silyl group provided trichloroacetamide 21 in higher a-selectivity than both the C2-allyl and benzyl group, the conversion was much more sluggish (10 h vs. 1 h), presumably due to steric encumbrance of the bulky triisopropylsilyl (TIPS) group. Next, we investigated xylose 17 (entry 3) and quinovose 18 (entry 4) that lack a C6-hydroxyl group.
[27] These studies produced high yield (87-91 %) and excellent a-selectivity (a/b = 15:1 -! 25:1) in generating trichloroacetamide 22 and 23 (entries 3 and 4). A galactose 19 (entry 5) with an additional trichloroacetimidate group at the C6-position was also evaluated to determine what effect this might have on reactivity. While this reaction proceeded sluggishly (12 h), it was able to provide 72 % yield of the exclusive a-trichloroacetamide 24. Interestingly, the C6-trichloroacetimidate group in 19 did not survive during the transformation, resulting in an unmasked hydroxyl group for further functionalization as a potential acceptor in the glycosylation reaction.
To investigate the robustness of our cationic nickel-catalyzed rearrangement methodology, a wide variety of disaccharide and trisaccharide trichloroacetimidates 25-29 (Table 4) were tested. These substrates provided oligosaccharide trichloroacetamides 30-34 in high yield (67-85 %) with more anomeric homogeneity (nearly exclusive a-stereoselectivity) than was observed with their monosaccharide counterparts 20-24 ( Table 3 ). The first study utilized the per-O-benzylated mannose-a-(1,6)-glucose imidate 25 (Table 4 , entry 1) provided disaccharide trichloroacetamide 30 in 83 % yield with 33:1 a-selectivity. To determine how the transformation would proceed with differentially protected carbohydrate residues, glucose-a-(1,6)-glucose substrate 26 (entry 2) was examined and produced 84 % of the a-disaccharide acetamide 31 as the sole product. Similar performance was achieved with the 1,4-linked disaccharide substrate 28 (entry 4) as well as with the N-acetyl glucosamine-containing-disaccharide 27 (entry 3). The reaction were complete in 1 h, providing disaccharide trichloroacetamides 32 and 33 in 85 % and 91 % yield, respectively, as the exclusive a-isomers (entries 3 and 4). A trisaccharide trichloroacetimidate 29 (entry 5) was also explored. Although it took longer for the reaction to reach completion (4 h), a-trichloroacetamide 34 (entry 5) was isolated in 67 % yield as the only product. While other methodologies available lack compatibility with C2-aminosugars, [12, 17] we proceeded to investigate our own level of compatibility in this regard. We initially examined the C2 N-acetyl glucosamine substrate 35 (Scheme 2 a) ; only the decomposition of starting material was observed. We then evaluated substrate 36 (Scheme 2 b) containing the C2-azido group, which also led to decomposition. Upon switching to the N-benzylidene-protected 2-deoxyglucosamine acetimidates 37 and 38 (Scheme 2 c), [20d,e] we were able to efficiently achieve an a-selective transformation (71-79 %, a/b = 11:1-20:1). The [Ni(4-F-PhCN) 4 (OTf) 2 ] catalyst was found to be more reactive that the [Ni(dppe)(OTf) 2 ] catalyst. While the para-methoxy-N-benzylidene protected imidate 37 performed quite sluggishly in the conversion compared to the para-fluoro-N-benzylidene derivative 38 (20 h vs. 3 h), it can be rationalized that competing addition from the b-face takes place with prolonged conversion time and is likely to account for the diminished a-selectivity. The 1,2-cis-2-amino urea linkage found in 39 and 40 (Scheme 2 c) also suggests the feasibility of applying this method in the stereoselective synthesis of cinodine and coumamidine antibiotics, [6, 7] in which the structural arrangement is prevalent.
Mechanistic studies of nickel-catalyzed transformation of trichloroacetimidates
Once satisfied with the robustness and versatility of our nickel-catalyzed methodology, we became interested in elucidating a possible mechanism for the selective transformation of trichloroacetimidate substrates. We hypothesize that the nickel catalyst would first coordinate the imidate nitrogen and the C2-ether oxygen of substrate 41 to form complex 43 (Figure 1 ). Subsequent ionization of the trichloroacetimidate leaving group followed by delivery of the trichloroacetamide group to the anomeric center from the a-face of the oxocarbenium intermediate 44 provides the corresponding complex 45 (Pathway A). Dissociation of the cationic nickel(II) catalyst will provide the desired a-glycosyl trichloroacetamide 42. Alternatively, 44 can dissociate to gener- [28] which then recombines in a stereoelectronically favored mode to form a-trichloroacetamide 42 a as the major product.
We hypothesized that a coordination event between the nickel catalyst and the C2-oxygen of an equatorial ether group was necessary for achieving the high a-selectivity observed in the trichloroacetamide product 42 (Figure 1) . Thus, our first goal was to determine if the a-orientation of the trichloroacetimidate group of substrate 41 outlined in Figure 1 is important for coordination and subsequent ionization. Accordingly, b-trichloroacetimidate 47 (Scheme 3) was attempted in the presence of 5 mol % of [Ni(dppe)(OTf) 2 ]. The rearrangement was able to proceed at 25 8C and reached completion after 12 h. [29] The yield of the desired rearrangement product 14 was greatly diminished (50 %, 20:1 a/b) compared to the result obtained with a-trichloroacetimidate 13 (85 %, 30:1 a/b, Table 1, entry 7) and was accompanied by a significant amount of starting material decomposition.
The result of the control experiment in Scheme 3 suggests that 1) b-glycosyl trichloroacetimidate 47 is much less reactive than a-trichloroacetimidate 13, [30] and 2) the ion-pair mechanism (Figure 1 ) is likely to be one of the major operative pathways in this transformation. To further validate our hypothesis that coordination of the nickel catalyst to both the equatorial C2-ether and a-C1-trichloroacetimidate is pivotal in the rearrangement, a control experiment was performed with 2-deoxyglucosylimidate 48 (Scheme 4 a), though the endeavor would only lead to decomposition. On the other hand, b-2-deoxy-2-benzylidenaminoglycosylimidate 49 (Scheme 4 b) resulted in no conversion, which is in stark contrast with b-glucose substrate 47 (Scheme 3).
Another control experiment was conducted with tetrabenzylated mannose substrate 50 (Scheme 4 c), in which we hy- pothesized that the expanse between the leaving group and the axial C2-ether group would be prohibitively large for a simultaneous coordination with the nickel catalyst to occur. [31] Confirming our prediction, the conversion proceeded with a complete lack of stereoselectivity, providing a 1:1 mixture of a-and b-isomers 51 and 52 in 86 % yield (Scheme 4 c).
The next substrate examined was the 4,6-O-benzylidene mannosyl trichloroacetimidate 53 (Scheme 4 d), the donor used by Crich [32] and Schmidt [33] in bmannosylation. In contrast with tetrabenzylated mannosylimidate 50, a b-selective conversion was achieved with substrate 53, providing acetamide 54 (Scheme 4 d) in 74 % yield with excellent b-selectivity (a:b = 1:18).
[32e, 34] The discrepancy in stereoselectivity between 50 and 53 (Scheme 4 c, d) could be accounted for by the twist boat (B 2,5 ) conformation of the oxocarbenium ion [35a] generated from the reaction of 4,6-O-benzylidene mannose 53 with [Ni-(dppe)(OTf) 2 ] catalyst. We hypothesize that this perturbed ring structure of the cation intermediate brings the C2-ether functional group in close-enough proximity to the trichloroacetimidate leaving group for joint coordination with the nickel catalyst on the b-face. The b-selective formation of 54 (Scheme 4 d) fits our hypothesis nicely that the coordination of the nickel catalyst with the C2-ether group of trichloroacetimidate substrate (Pathway A, Figure 1 ) is crucial for achieving a highly stereoselective transformation.
Having established the critical function of the ether functional group at the C2-position of the trichloroacetimidate substrate, we set out to determine if the reaction proceeded intramolecularly (i.e., 1,3-rearrangement), or if an intermolecular transformation was possible. A crossover-labeling experiment (Scheme 5) was then conducted using an equimolar mixture of both unlabeled per-O-benzylated glucosyl trichloroacetimidate 13 and fully labeled substrate 55 (containing deuterium-labeled benzyl ether groups and oxygen-18 incorporated into the trichloroacetimidate group) under standard reaction conditions. If an intramolecular reaction was the operational pathway, it is expected to find only the two trichloroacetamide products 14 and 56 (Scheme 5) in the reaction mixture. Interestingly, it was determined that in addition to the expected products 14 and 56, two partially labeled cross-over acetamide products 57 and 58 (Scheme 5) were also observed in the reaction. HRMS signals correspond- ing to intramolecularly rearranged products 14 and 56 and crossover products 57 and 58 with partial labeling are shown in Figure 2 .
In order to understand if nickel-coordinated delivery of the trichloroacetamide to the anomeric carbon was taking place in the transformation, a control experiment with tetrabenzylated glucosylimidate 13 and an equivalent of external trichloroacetamide 59 was performed (Scheme 6). Our logic in this endeavor was that if we found the transformation to proceed with 30:1 a/b-selectivity (as was observed in the absence of trichloroacetamide as shown Table 1 ), we could assume that delivery of the trichloroacetamide group to the anomeric center is facilitated by complexation with nickel catalyst. What we found instead, was that the a-selectivity obtained from this reaction had been greatly diminished (5.4:1 a/b, Scheme 6), indicating that a change in mechanism had taken place during the course of the transformation. It is postulated that competition between the a-facial selective redelivery by nickel and an S N 2-like displacement of the leaving group (generating the b-trichloroacetamide) is likely to operate, simultaneously; as a result, flooding the conversion with additional trichloroacetamide shifts this balance towards the S N 2-type displacement.
Overall, the above experiments allow a clearer definition of the nickel-catalyzed transformation of glycosyl trichloroacetimidates to the corresponding atrichloroacetamides. First, it appears that the equatorial C2-ether and benzylideneamino functional groups of the glycosyl trichloroacetimidates are paramount for achieving a-selective transformation. Second, although both a-and b-isomers of the glycosyl C2-ether trichloroacetimidates can transform into the corresponding trichloroacetamides with excellent levels of a-selectivity, only the a-isomer of C2-benzylideneamino acetimidate substrates undergo rearrangement. Third, it is clear from a cross-over experiment that the transformation does not proceed in an exclusively intramolecular fashion, and that there is competition be- www.chemeurj.org tween the redelivery of the trichloroacetamide group by nickel catalyst (Pathway A, Figure 1 ) and an intermolecular ion pair (Pathway B, Figure 1 ).
Transformation of glycosyl trichloroacetamides into a-urea glycosides
Having established the versatility of our nickel-catalyzed transformation and gaining insight into the mechanistic nature of the conversion, we turned our attention to the final step in constructing a-urea glycosides: the conversion of the resulting trichloroacetamide into glycosyl urea. Our group has previously illustrated the efficacy of treating a-mannosyl trichloroacetamides with a variety of amine nucleophiles in the presence of cesium carbonate for generating a-urea mannosides. [18] As such, we set out to determine if the procedure would be amenable to additional types of glycosyl trichloroacetamides.
A model reaction was conducted (Scheme 7) using per-Obenzylated trichloroacetamide 14 and benzyl amine (60) in the presence of cesium carbonate in DMF, resulting in the formation of 80 % yield of a-urea glycoside 61. The ambient temperature condition avoids deprotection of the trichloroacetamide group, which occurs at 100 8C. [36] This new approach requires only one step for direct transformation of a-glycosyl trichloroacetamide to the a-urea glycoside with the retention of the stereochemistry at the anomeric carbon. A control study was conducted to determine if the formation of urea would occur without Cs 2 CO 3 (Scheme 7). In this experiment, there was no indication that the reaction was occurring after 72 h; the starting material 14 was recovered. This result suggests that formation of a-urea glycoside is unlikely to occur through a direct nucleophilic acyl substitution reaction. [37] Satisfied with the above result, we proceeded to examine a number of monosaccharide a-trichloroacetamides with secondary amines (Table 5 ). In the coupling of pyrrolidine (62, entry 1) with quinovose acetamide substrate 23, 88 % yield of the desired a-urea glycoside 66 was attained. Similar yield (94 %) for the urea glycoside product 67 [38] (entry 2) was achScheme 7. Conversion of trichloroacetamide to glycosyl urea. [a] All urea-forming reactions were performed with 2-3 equiv amine and 3-5 equiv Cs 2 CO 3 at 25 8C in DMF (0.2 m).
[b] Isolated yield. ieved in the reaction of xylose trichloroacetamide 22 with piperidine (63). In addition, N-piperidylpiperazine (64) was successfully coupled to acetamide 14 to afford the a-urea glycoside 69 (entry 3) in 93 % yield. In all case, the a-urea products were formed exclusively as a-isomers without any observable epimerization at the anomeric CÀN bond. Although stereoselective methods for attaining b-urea-linked glycopeptides have been developed, [1b, 39, 40] a direct and selective formation of a-urea-linked glycopeptides remains elusive. To test the scope and limitations of our method, a number of amino acid nucleophiles 70-72 (Table 6) were evaluated. The methyl esters of glycine 70 (entry 1) was efficiently coupled to a-acetamide 14, providing a-urea glycopeptide 74 in 85 % yield. Phenylalanine 71 (entry 2) and derivatized proline 72 (entry 3) also reacted well to afford a-glycoconjugates 76 and 77, respectively, in 80-90 % yield. [41] These results validate the efficacy of our methodology for generating high-yielding aurea-linked glycopeptides in only two steps from trichloroacetimidates. In contrast, methods used for synthesizing burea-linked glycopeptides require five steps and employ the C(2)-acetyl group to control the formation of the b-anomeric selectivity. [1b, 28] We also demonstrated the versatility of our two-step approach by applying it in the synthesis of unsymmetrical aurea-linked oligosaccharides (Table 6 , entries 4 and 5). Although there are several efficient methodologies for the stereoselective synthesis of symmetrical urea-linked oligosaccharides, [16a, 41] approaches for unsymmetrical preparation of this urea-linked motif remain underdeveloped. [3, 17] This warrants the development of efficient and stereoselective strategies for forming unsymmetrical urea-linked oligosaccharides. Accordingly, primary carbohydrate amines 79 and 80 (Table 6 , entries 4 and 5) were explored with a-glycosyl trichloroacetamide 14. The coupling process proceeded smoothly to provide aurea linked disaccharides 82 and 83, respectively, in 66-81 % yield with complete retention of the stereochemical integrity at the anomeric center. Attempts to couple disaccharide trichloroacetamides 30-33 with either 79 or 80 resulted in poor conversions under similar conditions.
The operational simplicity of our two-step procedure was also highlighted in the coupling of number of amine nucleophiles with the 4,6-benzylidene mannosyl b-trichloroacetamide 54 (Table 7) . Accordingly, treatment of substrate 54 with Nmethyl piperazine (65) provided the corresponding b-glycosyl urea 68 (entry 1) in 75 % yield with no observable epimerization at the anomeric CÀN bond. Encouraged by this result, the reaction of phenylalanine 73 (entry 2) and carbohydrate amine 78 (entry 3) with 54 was also attempted, and the corresponding b-urea glycosides 75 [41] and 81 were isolated in good yield (76-80 %).
Conclusions
In summary, we have developed an atom-economical and efficient approach to the synthesis of a-urea-linked glycoside by nickel-catalyzed a-selective transformation of trichloroacetimidate to the corresponding trichloroacetamide and subsequent, one-step transformation to a-glycosyl urea with amine in the presence of cesium carbonate. The nickel-catalyzed conversion of glycosyl trichloroacetimidate to the a-trichloroacetamide intermediate has been found to be rapid and highly selective and to proceed in the presence of [Ni(dppe)(OTf) 2 ]. This method is tolerant of a variety of sugar types and protecting groups and can applied to a range of monosaccharide, disaccharide, and trisaccharide substrates. 1) Control experiments with 2-deoxy glucose and mannose substrates have highlighted the importance of the C2-ether functionality in directing the a-selective transformation. 2) A crossover-labeling study has identified the conversion is not proceeding in strictly intramolecular fashion. There is competition between the redelivery of the acetamide by cationic nickel(II) catalyst (Pathway A, Figure 1 ) and an intermolecular ion pair (Pathway B, Figure 1 ). 3) While both the a-and b-isomers of trichloroacetimidates containing C2-ether group undergo conversion, only the aisomer of C2-benzylideneamino substrates can transform into the corresponding trichloroacetamide products. 4) The conversion of trichloroacetamide into a-urea glycoside has been achieved by reacting with amine in the presence of Cs 2 CO 3 . The procedure has been successfully applied to secondary amines, amino acids, and aminosugars to provide a-ureas in good yields with no epimerization of the anomeric CÀN bond. 5) This atomic-economical two-step method is also applicable to the synthesis of b-urea glycosides from the coupling of Table 7 . Stereoselective synthesis of b-urea-linked glycosides.
[a]
Entry Amines Ureas Yield [%] [b] 4,6-benzylidene mannosyl b-trichloroacetamide with amine nucleophiles.
Insights gained from our studies will help future advances in the selective formation of a-urea-linked pseudo-oligosaccharides and neo-glycoconjugates with the potential for increased stability over their O-linked and N-linked glycoside counterparts.
Experimental Section
Standard procedure for preparation of trichloroacetamide A 10 mL oven-dried Schlenk flask was charged with a-glycosyl trichloroacetimidate (0.2 mmol, 1 equiv) and CH 2 Cl 2 (1.5 mL). A preformed solution of [Ni(dppe)OTf 2 ], which was generated in situ from a reaction of [Ni(dppe)Cl 2 ] (0.004 mmol, 2 mol %) and AgOTf ( 0.008 mmol, 4 mol %) in CH 2 Cl 2 (0.5 mL) for 15 min, was added. The resulting mixture was then monitored by FT-IR spectroscopy (C=N stretch at 1670 cm À1 !C=O stretch at 1726 cm
À1
) at room temperature. The mixture was loaded directly onto silica and purified by silica gel flash column chromatography to provide the corresponding trichloroacetamide as a viscous oil.
Standard procedure for preparation of a-urea glucoside A 10 mL oven-dried Schlenk was charged with trichloroacetamide (0.1 mmol, 1 equiv). and amine nucleophile (0.3 mmol, 3 equiv) and toluene (1 mL) before concentrating in vacuo for azeotropic removal of water. This process was repeated three times (3x) before adding anhydrous cesium carbonate (0.3-0.5 mmol, 3-5 equiv). The resulting mixture was flushed with argon, and anhydrous DMF was (2 mL) was then added. The mixture was allowed to stir at room temperature for 10 h. The reaction mixture was poured into a saturated aqueous solution of NaHCO 3 (25 mL) and extracted with ethyl acetate (5 25 mL). The combined organic extracts were dried over MgSO 4 , filtered, and then concentrated in vacuo. The crude product was purified by silica gel flash chromatography to provide a-urea glycoside.
